Abstract: The U.S. Environmental Protection Agency (USEPA) is developing an endocrine disruptor screening and testing program to detect chemicals that alter hypothalamic-pituitary-gonadal (HPG) function, estrogen, androgen, and thyroid (EAT) hormone synthesis or metabolism and induce androgen (AR) and estrogen (ER) receptor-mediated effects in mammals and other animals. The utility of this approach is based upon the knowledge that mechanisms of endocrine-disrupting chemical (EDC) action are highly conserved at the cellular and molecular levels among vertebrates. Some EDC mechanisms also are shared with invertebrates. High-priority chemicals would be evaluated in a Tier 1 screening (T1S) battery, and chemicals that are positive in T1S would then be tested in Tier 2 (T2). T1S includes in vitro ER and AR receptor binding and/or gene expression, an assessment of steroidogenesis and mammalian (rat) and nonmammalian (fish) in vivo assays. In vivo, the uterotropic assay detects estrogens and antiestrogens, while steroidogenesis, antithyroid activity, antiestrogenicity, and HPG function are assessed in a pubertal female assay. Antiandrogens are detected in the Hershberger assay (weight of androgen-dependent tissues in castrate-immature-male rats). Fish and amphibian assays are also being developed to identify EDCs. Several alternative mammalian in vivo assays have been proposed. Of these, a short-term pubertal male rat assay appears most promising. T1S is designed to be sensitive to EAT activities, but many of the effects detected at the screening level would not be considered adverse, the dosage levels may be high, and the route of administration used may not be the most relevant. However, issues of adversity, dose response, and route(s) of exposure would be resolved in the testing phase. In addition to using an enhanced multigenerational test for Tier 2, an in utero-lactational screening protocol is also being evaluated by the USEPA for use in T2 or T1S. For T2, the numbers of endocrine-sensitive endpoints and offspring (F1) examined in multigenerational tests need to be expanded for EDCs in a thoughtful manner, based in part upon the results of T1S. In addition, for some chemicals histological examination of 10 adult F1 per sex in only the control and high-dose groups provides inadequate
INTRODUCTION
The potential effects of endocrine-disrupting chemicals (EDCs) on human health and the proven effects of EDCs on wildlife are a major concern among the public and the scientific communities. Due to gaps in the current testing of chemicals, the U.S. Environmental Protection Agency (USEPA) was given a mandate in 1996 under the Food Quality Protection and Safe Drinking Water Acts to develop a screening and testing program for endocrine effects. Some of the impetus for these actions arose from a Work Session in 1991 on "Chemically Induced Alterations in Sexual Development: The Wildlife/Human Connection" [1] , which stated that "many compounds introduced into the environment by human activity are capable of disrupting the endocrine system of animals, including fish, wildlife, and humans. Endocrine disruption can be profound because of the crucial role hormones play in controlling development." [2] . Scientists at this meeting "estimated with confidence" that impairments in humans have resulted from exposure to endocrine disruptors. Laboratory animal studies corroborate the abnormalities of reproductive development observed in the field and, in some cases, define toxic mechanisms causing adverse effects. Among chemicals of concern, are pesticides, "inert" ingredients, industrial chemicals, pharmaceuticals, phytochemicals, food supplements, personal care products, and "natural" products or nutraceuticals.
In response to the 1996 legislative mandate for an endocrine screening and testing program, the USEPA formed the Endocrine Disruptors Screening and Testing Advisory Committee (EDSTAC), which proposed a tiered screening and testing strategy for EDCs in its final report (1998) (<http://www.epa.gov/scipoly/oscpendo/history/finalrpt.htm>). The EDSTAC proposal includes (i) a process to prioritize chemicals for evaluation and (ii) tiered screening (Tier 1) and (iii) testing (Tier 2) batteries. The chemical "universe" to be considered includes over 80 000 chemicals, of which only a subset of high priority chemicals would initially enter the screening program. Prioritization would include an estimation of the chemicals' ability to interact with steroid hormone receptors using either quantitative structure-activity relationships (QSARs) for chemicals that bind steroid receptors or highthroughput prescreening (HTPS) using hormone-dependent gene expression assays, among several other factors. However, to date validated QSAR models or HTPS have not yet been developed for either estrogens or androgens by the USEPA.
The screening battery recommended by EDSTAC was designed to detect chemicals that alter hypothalamic-pituitary-gonadal (HPG) function, estrogen, androgen, and thyroid hormone synthesis or metabolism, or induce androgen (AR) and estrogen (ER) receptor-mediated effects in mammals and other taxa. Chemicals positive in Tier 1, based upon a "weight-of-evidence" analysis, would be considered as potential EDCs and subjected to testing (Tier 2). Tier 1 should include assays sensitive enough to detect EDCs while issues of "dose-response, relevance of the route of exposure, sensitive life stages and adversity" would be resolved in the testing phase. Although the USEPA has not yet endorsed this approach, we believe that equivocal effects in Tier 1 assays should be replicated or evaluated further in additional short-term assays before more extensive Tier 2 testing (T2T) is initiated (Fig. 1 ). This could prevent unnecessary testing in some cases, saving time and money and reducing animal use, and would provide useful information for tailoring Tier 2 tests.
Based in large part upon the EDSTAC recommendations, the Office of Prevention, Pesticides and Toxic Substances (OPPTS) of the USEPA designed the EPA Endocrine Disruptors Screening Program (EDSP), and the agency has begun implementing elements of this program (report to Congress, available at <http://www.epa.gov/scipoly/oscpendo/index.htm#currentstatus>), and their efforts are being coordinated internationally with the Office of Economic Cooperation and Development (OECD) (described at the following Web site: <http://www.oecd.org//ehs/ENDOCRIN.HTM>).
The first portion of this review will briefly summarize the status of some of the screening assays, while the second part will discuss approaches and limitations of different methods for testing EDCs identified as potential endocrine disruptors in T1S.
TIER 1 SCREENING: IN VITRO
In vitro, cell-free, or whole-cell mammalian AR or ER binding assays were proposed to detect compounds that act as hormone agonists or antagonists [3] . The use of whole cells or recombinant human receptors for binding assays [as described by refs. 4, 5, 6] eliminates the need to isolate receptors from would use about 100 animals per chemical screened. T1S includes three in vivo assays [uterotropic (n = 6/group), Hershberger (n = 6/group) and the pubertal female rat assay (n = 15/group) or a total of 27 rats per group]. We assumed that each chemical would be evaluated using three groups (control, medium and high dosage levels = 81 rats; the high dosage level should not exceed an MTD, less than a 10 % body weight reduction vs. control) with a few animals being used for limited dose-range finding for T1S. In this figure, we assumed that about 5 % of the chemicals screened would be positive because they act in an antiestrogenic, antiandrogenic, antithyroid manner or inhibit steroidogenesis or HPG maturation. We also assumed that another 5 % would be statistical false positives. We propose that false positives could be virtually eliminated from entering T2T and sent to the hold box by repeating or expanding positive T1S results before proceeding to the testing phase of the battery. T2T is the most intensive phase of the battery in terms of animal use, using about 1500 animals in a multigenerational test per chemical. Note that for each 5 % increase in the rate of false positives there is an increase of 250 rats used per 100 chemicals in the "repeat" phase we have proposed as a transition from T1S to either T2T or the hold box. Hence, if the false positive rate was 50 % rather than 5 %, animal use would increase from 18 000 only by 2250 rats to 20 250 per 100 chemicals. We suspect that initially only a few hundred high-priority chemicals will be evaluated in the EDSP Tier 1 screening battery.
animal tissues and may be amenable to high-throughput screening. Gene expression assays also were proposed because they can distinguish receptor agonists from antagonists. The use of cell lines containing AR or ER stably or transiently transfected with a reporter gene, or cell lines cotransfected with the reporter gene and the steroid receptor are now available to rapidly discriminate receptor agonists from antagonists [7] [8] [9] [10] . Stable cell lines are likely to be less variable than transient transfections. and they do not require repeatedly transfecting cells, while new transfection methods have improved the utility of the transient transfection assays [11] . Recently, CV-1 and MDA-453 cells were transduced with hAR and reporter genes using adenovirus to detect antiandrogens [12] . These transduction assays provided low background and 80-100-fold induction with 1-10 nM dihydrotestosterone. Adenovirus transduced cell lines and stably transfected cells are amenable to high-throughput screening. In addition, transduction assays using adenovirus could also be used to deliver other genes to different cell types to screen for additional EDC mechanisms beyond EAT. Optimized and standardized protocols along with performance criteria (intra-and inter-assay and interlaboratory CVs) for binding and transcriptional activation assays need to be developed. While the ER and AR binding and transcriptional activation assays appear to be quite sensitive, except for some chemicals that require metabolic activation, the specificity of responses at the high concentrations that are used for weak ligands appears poor. The fact that a chemical induces a response in vitro that reaches an IC 50 in the high micromolar to millimolar range may be due to disruption of the assay conditions for receptor stability or cell viability, rather than competitive binding to the receptor. Improving the specificity of these assays will require further in vitro experimentation to separate receptor ligands from false positives. Cytotoxicity (for whole-cell assays), and Ki [13] or Kb [14] determinations are required to enhance the specificity of these assays to acceptable levels. Some EDCs inhibit reproduction and development by altering steroid hormone synthesis. While the presence of ER and AR in invertebrates has yet to be established, chemicals that alter steroid hormone synthesis in vertebrates can also inhibit ecdysteroid synthesis in invertebrates. Chemicals that inhibit steroidogenesis can be detected in vitro or ex vivo using a variety of methods [briefly reviewed by refs. 15, 16] . Potential protocols for these assays are being evaluated under within the USEPA and in contract laboratories. A T1S in vitro assessment of steroidogenesis would complement the in vivo effects of altered steroidogenesis in the pubertal female rat assay.
Scientists are attempting to use as few animals as possible in the most precise and sensitive assays, by incorporating sensitive in vitro assays in T1S and by using QSAR models or HTPS in the prioritization of chemicals for screening. Unwarranted animal use also can be avoided as chemicals negative in T1S will not be subject to T2T (Fig. 1 ). In addition, testing T1S statistical "false positives" in T2 can be almost entirely eliminated by assuring that T1S assay results are replicated or further investigated in supplemental studies, before moving to T2T. Attempts to enhance T2T by adding more sensitive endpoints and a more thorough evaluation of the animals already on study should lead to improved hazard characterization and result in reductions in animal use.
TIER 1 SCREENING: IN VIVO
Three short-term in vivo mammalian assays were included in the EDSTAC Tier 1 screening battery [EDSTAC, 1998; 15,17,18] . In vivo assays are required in T1S because in vitro assays cannot account for absorption, distribution, metabolic activation, and excretion of xenobiotics, potentially resulting in "false negative" responses (positive in vivo, but negative in vitro). For example, purified methoxychlor is inactive or weakly active in vitro whereas in vivo it is almost as potent as is 17β estradiol when both are given orally. In addition, the integrated nature of the endocrine system in the developing organism and the relationship of the endocrine toxicity to other systemic effects cannot be simulated in vitro.
Fish and amphibian assays also are being developed for T1S [19] [20] [21] . The fathead minnow assay, developed by USEPA scientists, can identify EDCs displaying several mechanisms of concern, includ-L. E. GRAY, Jr. AND P. M. D. FOSTER ing androgen and estrogen receptor agonists and antagonists and inhibitors of steroid hormone synthesis. An amphibian metamorphosis assay is being developed to detect thyroid-active substances.
UTEROTROPIC ASSAY
In T1S, estrogen agonists and antagonists are detected in a 3-day uterotropic assay using subcutaneous (sc) administration of the test compound. Several variations of the uterotropic assay protocol are being examined by OECD, and several phases of the interlaboratory study have been completed and published [22] [23] [24] . The described uterotropic assays for estrogens and antiestrogens uses either intact juvenile or ovariectomized adult/juvenile female rats and was found by all laboratories to be responsive to estrogenic toxicants over a wide range of potencies.
The second in vivo assay in the EDSTAC T1S is designed to detect antiandrogenic activity simply by weighing androgen-dependent tissues following 10 days of oral treatment in the immature castrated male rat [15, 17, 25] (Fig. 2) . Both the uterotropic and Hershberger assays were standardized and validated for screening chemicals by an expert committee of endocrinologists in 1962 [26] . In this assay, weights of the ventral prostate, Cowper's glands, seminal vesicle (with coagulating glands and fluids), glans penis and levator ani/bulbocavernosus muscles are measured in castrated, sc testosteronetreated (or untreated) male rats after 10 days of oral treatment with the test compound. This is a very sensitive assay for detection of androgens and antiandrogens. Other useful endpoints that help reveal the mechanism of action include dorsolateral prostate, adrenal, liver, and kidney weights and serum (collected by cardiac puncture) levels of testosterone and LH. The Hershberger assay has been shown to be much more sensitive and specific to AR-mediated alterations than assessment of endocrine activity in the intact adult male rat, which fails to consistently detect the antiandrogenic activity of several weakly antiandrogenic pesticides like p,p-DDE and linuron that are easily detected in the Hershberger assay [6, 27] . Chemicals that induce testosterone metabolism also can reduce androgen-dependent tissue weights while those that inhibit 5α reductase activity, can dramatically reduce male accessory sex gland weight with lessor effect on testosterone-mediated muscle. It appears that steroidogenesis in the is coadministered to male rats with the oral treatment for 10 days. To detect androgens, omit concurrent TP treatment. Castrate-immature male rats are dosed sc with TP and orally with the toxicant for 10 days, after which the animals are necropsied and androgen-dependent tissues (ventral prostate, seminal vesicles, Cowper's glands, glans penis and levator ani-bulbocavernosus muscles) and other organs (liver, kidney, adrenals) are weighed. Serum (collected by cardiac puncture) can also be taken for analysis of testosterone levels. Detects androgen receptor (AR) agonists and antagonists, and chemicals that alter AR levels, inhibitor of 5α reductase or stimulate testosterone metabolism.
adrenals together with thyroid function could also be evaluated in the Hershberger assay, but these endpoints are not routinely included by most investigators using this assay. Although changes in androgendependent organ weights in this assay are not necessarily considered as being adverse, we have found that chemicals that are positive in this assay often produce adverse effects during puberty and after in utero exposure. Members of the Endocrinology Branch of NHEERL, ORD, USEPA are working as the lead laboratory supporting the OECD-led effort to standardize and validate this assay in an interlaboratory (17 laboratories) study of androgens and antiandrogens of varying potencies. To date, phase 1 [an interlaboratory study using testosterone propionate sc (17 laboratories, 6 dosage levels), and flutamide (6 laboratories, 6 dosage levels)] and phase 2 (17 laboratories, 7 chemicals at several dosage levels, with 3-8 laboratories per chemical) have been completed, reported to the OECD, and the results are being prepared for publication.
PUBERTAL FEMALE RAT ASSAY
The "pubertal female rat assay" in T1S (Fig. 3 ) [28] was originally developed in the Endocrinology Branch in our laboratory along with the "pubertal male assay" nearly two decades ago [29, 30] . In the pubertal female assay, weanling rats are dosed daily by gavage for about 20 days and the age at vaginal opening (puberty) and estrous cycles are monitored and the females are necropsied at about 42 days of age. The age at vaginal opening appears to be exquisitely sensitive to xenoestrogens like methoxychlor [30] . Additional measurements include serum thyroid hormones, and uterine and ovarian weight and histology. This assay detects alterations in thyroid hormone status, HPG function, inhibition of steroidogenesis (including aromatase), estrogens, and antiestrogens [31, 32] .
PUBERTAL MALE ASSAY: AN ALTERNATIVE SCREENING ASSAY
Alternative T1 and T2 in vivo assays were discussed by EDSTAC, and some of these are being evaluated by the USEPA in the EDSP. If these assays prove to be of sufficient sensitivity and equivalent utility, they could replace or augment current T1S assays. One promising alternative assay is the "pubertal male rat assay" (Fig. 4) tion, steroidogenesis (but not aromatase), and steroid hormone function (androgen). Intact weanling males are exposed orally to the test substance for about 30 days, the age at puberty is determined, and reproductive tissues are evaluated and serum taken for hormonal analyses. Although this is a screening assay, the USEPA has previously used altered puberty [a two-day delay in preputial separation (vinclozolin) or a similar delay in vaginal opening in the female] as adverse effects in their risk assessments. In addition, for vinclozolin the extra 10 X factor mandated by 1996 Food Quality Protection Act for chemicals of special concern for the child was retained in the risk assessment. In this case, a delay in preputial separation was accompanied by other endocrine and reproductive alterations, in the absence of an effect on body weight or growth. Furthermore, all of the in vivo reproductive effects of vinclozolin are consistent with the AR antagonism seen in vitro and altered androgen-dependent gene expression in vivo [13, 38] and other in vivo effects [39, 40] .
TIER 2 TESTING
In a tiered screening and testing approach, only chemicals displaying positive, reproducible responses in T1S would be evaluated further in full life cycle, or multigenerational tests (Fig. 1) . It is in T2 testing, not T1S, that issues of dose response, relevance of the route of exposure, sensitive life stages, and adversity are resolved [15, 41, 42] . For some endocrine activities, the numbers of sensitive endpoints and (F1) offspring examined in these assays should be expanded on a case-by-case basis. For example, endpoints like anogenital distance at birth and nipple/areola retention in infant female and male rats should be included in testing of androgens and antiandrogens, respectively, because they are sensitive, potentially permanent effects that are highly correlated with malformations and reproductive organ weight changes later in life. These early alterations constitute part of antiandrogen-induced developmental syndromes. As described in detail earlier [40] [41] [42] [43] [44] [45] [46] [47] , a careful evaluation of the male rat offspring allows one to distinguish the "phthalate syndrome" where effects on reproductive development involve a decrease in fetal testicular testosterone and insulin like-3 peptide hormone biosynthesis [46, 48, 49] antagonist syndrome" typified by vinclozolin or flutamide [50] . The main distinction being that the phthalate syndrome includes testicular, epididymal, and gubernacular cord agenesis [40, 47, 51] . These lesions are rarely seen in the AR antagonist syndrome even when all the males display hypospadias. In the AR-antagonist syndrome, DHT-dependent tissues are more severely than T-dependent tissues and the dose-response curves display an orderly cascade of effects in the male offspring (listed in order of low to high dosage levels of 3-200 mg vinclozolin kg/d) including reduced anogenital distance, retained areolas, reduced androgen-dependent organ weights and retained nipples, hypospadias, vaginal pouch, agenesis of the sex accessory glands, and undescended testes) [15, 39, 44, 50, 52] . In the risk assessment on vinclozolin, the acute dietary risk was based upon a permanent reduction in ventral prostate weight (retaining an extra 10 X factor under FQPA). Of the all the chemicals that interfere with androgen signaling pathway in the fetal male rat, only the phthalates affect Leydig cell insl-3 peptide hormone synthesis and cause undescended testes with gubernacular agenesis [53] . When conducting a transgenerational study, one must evaluate all the components of a syndrome so that affected animals are not misidentified and classified as "normal" and the data should be summarized in a manner that clearly delineates the proportion of animals that are affected, indicating that they display any lesion (histological or gross pathology) consistent with the syndrome. Teratology/developmental toxicity studies typically present and analyze data in this manner, indicating the number malformed/number observed on an individual and litter basis, while multigenerational studies frequently do not, even when clear teratogenic and other developmental responses are noted postnatally. In the multigeneration study, one cannot easily determine how many animals are adversely affected because the histopathological data (usually on limited numbers of F1 animals from some, but not all of the treatments) are not analyzed with the gross pathology data. It is important to note that the endpoints altered by exposure to classes of antiandrogens are not necessarily as sensitive to disruption by other important endocrine mechanisms. For EDCs that display androgenic or antithyroid activity, alter steroidogenesis, estrogenic or display antiestrogenic activity, the syndromes (diagnostic profiles of developmental effects) will differ markedly from those described for the AR-antagonist and phthalate syndromes.
As discussed above, if a chemical produced positive results in T1S and T1-Repeat (as described in Fig. 1 ) it would proceed to T2T in "enhanced" multigenerational tests. Multigenerational protocols are used in T2 because these are the only protocols that expose the animals during all critical stages of development and examine reproductive function of offspring after they mature (Fig. 5) . In contrast, the developmental toxicity/teratology test is too insensitive to be used to detect the reproductive effects of EDCs (Fig. 6 ) because it only examines fetal animals a period when most reproductive tract malformations cannot be detected by a gross examination. For example, trenbolone-induced vaginal agenesis and linuron-induced epididymal agenesis were not detected in developmental toxicity tests on these chemicals. This can be problematic because this assay is often used by the USEPA to establish NOAELs, RfDs, and aPADs for acute dietary exposures. (Fig. 5 ), using at least 20 per sex per dose group. Litters can be standardized as neonates. At weaning three males and females per litter are examined for gross reproductive lesions, one animal per sex per litter is retained for further assessment (with dosing continued, usually oral, either gavage or dietary) and the rest of the pups are discarded. After generation of the F1a, and in some cases and F1b or F1c, the P0 animals are necropsied. Puberty, and fertility are assessed in the F1 and they too are necropsied (20 per sex per dose). Histology of the reproductive organs is required only on 10 animals per sex from the control and high-dose groups. If puberty was altered in the F1 generation, anogenital distance is measured in the F2. F2 pups are usually discarded at weaning.
Fig. 6
General USEPA teratology/developmental toxicology test guideline study. Pregnant rats are dosed after implantation to a day or so before parturition. Previous to the current updated test guidelines, as found in most publications and pesticide studies submitted to the agency, dosing was terminated at day 15 of gestation. After dosing is terminated, the dams are euthanized, fetuses removed, and all the pups are examined for malformations, with one-half being used for visceral examination and the other half undergoing skeletal exam. These studies typically do not include any postnatal assessment of the exposed F1, while some studies examine the F1 animals during neonatal life.
TRANSGENERATIONAL TESTING FOR ANTIANDROGENS AND ANDROGENS
While the new USEPA multigenerational test provides for a comprehensive evaluation of the P0 or parental generation, too few F1 animals (offspring with developmental exposure) are examined after maturity to detect anything but the most profound reproductive teratogens [14, 54] . While P0 animals within a dose group typically respond in a similar fashion to the chemical exposure, developmental events can be "all or none" with just a few animals displaying reproductive malformations in the lower dosage groups. Thus, a standard multigenerational protocol which examines one F1 animal per sex, per litter after maturity from 20 litters per dosage group can only detect statistically significant alterations if they are displayed by 25 % or more of the offspring. Histopathological alterations would have to be displayed by 50 % or more of the offspring since a histological examination of the reproductive tract is only required in 10 F1 animals per sex, per dose, far too few to detect anything but the most profound effects on reproductive development. As shown in Fig. 8 , we have found that the antiandrogenic effects of linuron (epididymal and testicular hypoplasia) and vinclozolin (retained nipples) are displayed in the low-dose groups at rates well below these levels and, hence, would either go undetected at necropsy or would be described as nonsignificant. In a study of the phthalate ester di-iso-nonyl phthalate (DINP) [47] , we found that a high dose administered to the pregnant dam induced a significant incidence of severe malformations in only 7 % of the male offspring (based upon effects consistent with the phthalate syndrome). In this regard, there is considerable uncertainty associated with LOAELs and NOAELS identified in multigenerational studies of phthalate esters that do not include either a complete assessment of the endpoints that constitute the phthalate syndrome or those included in the USEPA's new multigenerational test guidelines [55, 56] . General "transgenerational protocol". These protocols vary slightly from laboratory to laboratory and sometimes from study to study within a laboratory with regard to (i) the specific day of gestation that dosing is initiated, (ii) the day of gestation or lactation on which dosing is terminated, (iii) whether or not dosing is continued after weaning, with the F1 being directly exposed (rarely so), and (iv) the numbers of litters used in each dose group (5-10 is typical). However, in general the exposure is oral gavage and always includes the period of fetal sexual differentiation, the litters are not culled or standardized and all of the pups of the affected sex(es) are examined through puberty, young adulthood (5-9 months of age) and all individuals are examined thoroughly (gross morphology, histology, and weights of reproductive tissues) at necropsy. These tests are tailored to emphasize the endpoints known to be affected or suspected to be target tissues, based on other in vitro or in vivo screening studies.
When the female rat fetus is exposed to testosterone in utero, agenesis of the vagina and nipples also are seen at a low rate in the lower-dosage groups (Fig. 8) . In fact, most of the low-dose effects of androgens in the female offspring (retained prostatic and vesicular tissues, nipple agenesis) are effects that are likely to be missed in a standard necropsy. There are additional factors besides detection of adverse effects at necropsy or during data analysis and interpretation that limit interpretation of data from the standard multigenerational reproduction test. The life-long exposure of both males and females in the F1 generation, which allows one to detect effects induced in utero, during lactation or from direct exposure after puberty, can confound the identification of when the effect was induced, i.e., during adulthood versus development or even the affected sex. For example, the current RED on linuron exemplifies how the registrant [57] and the USEPA (RED, 1995, TRED, 2002) have misinterpreted the stage of life and the mode of action for the effects of this pesticide on the testis and epididymis. This confusion arose from the fact that the F1 animals were dosed continuously and the reproductive effects, though actually induced in utero [6, 14, 40, 58, 59] , were incorrectly attributed to a direct effect of linuron in the adult via increased serum LH and Leydig cell hyperplasia. In fact, linuron does not increase serum LH or induce Leydig cell hyperplasia in adult male rats [40] and the testicular effects result from pressure atrophy after puberty as the Sertoli cells form tight junctions and the fluid secreted into the lumen of the tubules is unable to flow normally out of the testis in animals presenting epididymal agenesis [58, 59] . In our studies, the dosing period normally is terminated near birth, or at weaning which precludes misinterpretation of the developmental origin of reproductive effects. For DBP, the effects on fertility in P0 female rats is obscured by the more obvious effects on testis histology and sperm numbers in their breeding partners [40] . On the other hand, it is clear that our transgenerational protocols would not be appropriate for EDCs that induced low-dose alterations in the pubertal or adult animal. It is ironic that the teratology test examines all the animals carefully in a litter, but at an inappropriate stage of life, while the multigenerational test, which includes exposure during sexual differentiation and then examines these offspring as adults, discards most of the F1 animals before maturity. In our "transgenerational" protocols [14, 39, [43] [44] [45] [46] [47] 54, 59] , we typically use fewer litters (7-10 per dose group) but examine all the animals in each litter. A detailed methods paper describing how we execute this protocol is now available [60] . These protocols actually use fewer animals, but provide more statistical power to detect reproductive effects in the F1 generation. In addition, the measurement of anogenital distance (AGD) at 1-2 days of age and areolas/nipples at 12-13 days of age in the F1 generation is included. These endpoints are not only extremely useful "biomarkers" of effect, but the changes in AGD and nipples can be permanent. Moreover, these endpoints are highly correlated with malformations and other alterations in androgen-dependent tissues [59; Hotchkiss et al., in preparation]. Unfortunately, neither of these markers are measured in the F1 generation under the 1996 USEPA multigenerational test guidelines. In this regard, we propose that testing protocols should be tailored based upon the results of T1S such that more F1 male offspring are examined thoroughly (Table 1) as adults than is now required if the chemical appears to be antiandrogenic, while the examination of F1 females can be similarly enhanced (Table 2) for androgens.
It is important to reiterate that the above endpoints that are sensitive to antiandrogens or androgens in utero have not been shown to be sensitive to xenoestrogens or some other EDCs. We are not suggesting that all EDCs should be tested like the androgens or antiandrogens. Testing should be tailored based upon the pharmacological activity demonstrated in T1S. In addition, the developing fetus is not always the most sensitive life stage. Some EDCs, like fenarimol, ketoconazole, and other inhibitors of steroidogenesis, disrupt pregnancy by altering maternal maternal endocrine function in P0 dams at dosage levels that appear to be without direct effect on the offspring. In such cases, the standard USEPA multigenerational protocol, with minor enhancements, or a transgenerational protocol with exposure continued after weaning should be employed. For example, with xenoestrogens, the most consistent low-dose effect seen in rat multigenerational studies has been pseudoprecocious puberty in the female offspring. We believe that the transgenerational or in utero/lactational protocols fill a gap in the testing program for EDCs that should be used only on a case-by-case basis, as indicated by the results of T1S and any T1-Repeat. In cases where one is uncertain about how T2 should be tailored, a transgenerational study, including dosing of half the F1 after weaning, could be employed. Table 2 Detecting the androgenized female syndrome [61] .
